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INTRODUCTION
MicroRNAs (miRNAs) have important functions in negatively regulating coding genes' expression and controlling multiple biological processes (DNA damage/ repair, apoptosis, proliferation, differentiation, etc.) involved in tumorigenesis and progression. 
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www.hrjournal.net been broadly used to identify miRNA biomarkers in order to better understand the effects of carcinogenic exposure, pathogenesis, and cancer risk, as well as for early diagnosis and prognostic prediction. Currently, over 100 mature miRNAs have been found to be dysregulated in hepatocellular carcinoma (HCC) tissues or blood. [3, 4] Many are also associated with various HCC risk factors, such as hepatitis B/C virus infection, [5, 6] aflatoxin B1 exposure, [7] alcohol drinking, non-alcoholic fatty liver disease or non-alcoholic steatohepatitis.
[ [8] [9] [10] However, only a small proportion of miRNAs (miR-1, miR-9, miR-16, miR-18a, miR-21, miR-92a, miR-101, miR-122, miR-199a, miR-221, miR-222/223/224, miR-375, miR-483-5p) [11, 12] were consistently confirmed by different studies for their role in hepatocarcinogenesis. [13, 14] These discrepant results may be attributed to a variety of factors that potentially impact miRNA patterns but differ by studies. These factors include the difference in study design (cross-sectional, retrospective or prospective); heterogeneity of cancer patients (tumor types, stages, progression, treatment, hepatitis B, C or mixed viral etiologies); comparison groups (healthy or hepatitis infection controls or non-tumor tissues); types of biospecimens (fresh, frozen or formalin-fixed, paraffinembedded tissue, serum, plasma, or exosome); and variations in sample collection, preservation and processing. Differences of RNA isolation assays, the input RNA quantity/quality and detection methods can also impact miRNA expression levels.
Even if a careful study design is used and consistent implementation is applied to pre-analytical and analytical procedures, different methods and "housekeeping" transcripts used to normalize miRNA expression levels may also bias the results and lead to misinterpretation of the biological role of miRNAs in tumorigenesis. The purpose of normalization is to remove as much non-biological variations as possible to ensure accurate miRNA results within or between experiments.
[15] Therefore, how to select an appropriate normalizer to adjust miRNA expression profiles are crucial to obtaining comparable results. This is particularly important for epidemiological studies dealing with large data sets usually covering multiple experimental batches.
The most common methods to quantitate miRNA levels are quantitative real-time polymerase chain reaction (qPCR) and hybridization microarrays. The methods apply stem-loop reverse transcription and TaqMan probes (TaqMan low density arrays, TLDA, Life Technologies) or locked nucleic acid (LNA) primers (miRCURY LNA™ miRNA arrays, miRCURY, Exiqon) or poly (A)-tailed primers (miScript miRNA PCR arrays, miScript, QIAGEN) and SYBR Green detection. The normalization for miRNA levels usually uses "housekeeping" transcripts, i.e. a referencegene-based method. Because no universal references have been accepted by all researches, a variety of endogenous or exogenous transcripts have been selected as references by different microarray and qPCR assays for data normalization. TLDA includes a total of 5 endogenous controls (U6 snRNA, RNU44, RNU48, RNU24 and MammU6) and miScript uses spike in cel-miR-39 and 6 references (SNORD61, SNORD68, SNORD72, SNORD95, SNORD96A and RNU6B/RNU6-2) as normalizers, while miRCURY recommends 5 most stable miRNAs (hsa-let-7i-5p, hsa-miR-222-3p, hsa-miR-425-5p, hsa-miR-93-5p, hsa-miR-152) as endogenous references, rather than small RNA species (snoRNA and snRNA). Even using the same microarray, different studies may artificially select various numbers of references to normalize their results. One study applied miScript array to profile expression of 84 miRNAs in hepatitis B virus-related HCC and controls, but only used 2 (SNORD61, RNU6-2) out of 6 snRNAs and spiked in cel-miR-39 as the normalizer to standardize miRNAs expression.
[16] Another study examined miRNAs in HCC patients and matched controls by the miRCURY assay using the median of 50% quantile intensity to normalize data.
[12] Seven published studies including ours have screened miRNA profiles by TLDA in either HCC tissue or serum/plasma. Two used four endogenous controls (U6 snRNA, RNU24, RNU44 and RNU48) to normalize target miRNA expression in HCC tissues; [17, 18] four studies only used one reference (U6 snRNA [11, 19, 20] or RNU48); [21] and one study did not indicate the reference.
[22] More importantly, whether those endogenous normalizers are stable among tested samples is unknown.
[11, [17] [18] [19] [20] [21] [22] Global normalization is another strategy which uses either the mean or median of detectable miRNAs in each sample as the calibrator to adjust miRNA expression profiles; this method is adopted from mRNA microarray data normalization protocols. [23] It is assumed that the mean or the median level of global or most miRNAs is constant across different tissues or conditions. [24] Although many studies have demonstrated the advantages of using global normalization, [23, 25] the total number of detectable miRNAs are much less than mRNAs, which makes it susceptible to extreme values and may bias miRNAs expression patterns. [15, 26] In addition, large epidemiological studies usually require independent validation for a limited number of miRNAs identified in a discovery set. Practically, it is also not feasible to use global miRNA profiles to normalize expression of candidate miRNAs.
Measurement of miRNAs by qPCR is considered the gold standard for specific and sensitive detection of interesting miRNAs that may be present at very low levels. This approach is usually used to validate the findings from previous large-scale microarray profiling. Although commercial ready-to-use kits are available for almost all human mature miRNAs, how to select an appropriate endogenous control to normalize miRNA expression is still a challenge. A number of endogenous miRNAs, snRNA/snoRNA, and synthesized exogenous RNAs have been used as controls to normalize target miRNA expression in different studies because there is no widely accepted endogenous control. Most are based on previous literature or because a low standard deviation (SD) was observed in the microarray data. Several small RNAs (U6 snRNA, [16, 19, 27] RNU44, [18] celmiR-39, [16, 20] cel-miR-54) [22] have been frequently used as calibrators in previous HCC studies. One study also used a standard curve approach for absolute quantitation by spiking in an artificial reference (athmiR-156a).
[12] Therefore, it is not surprising that many previously identified miRNA panels are quite different between studies.
Here, we utilized genome-wide miRNA expression data derived from HCC tumor and non-tumor tissues to compare the miRNA panels identified as differentially expressed by using different normalization strategies. We sought to identify an optimal strategy to select stable references for miRNA normalization that can generate the most concordant miRNA panel deregulated in HCC. This strategy should also be feasible for large epidemiological studies, and more likely to reproducibly identify HCC-associated miRNAs in different studies.
METHODS
Participants come from a previous HCC tissue study [28] [29] [30] conducted at Columbia University Medical Center (CUMC) and approved by the Institutional Review Board of CUMC. A waiver of consent was given in the study because the majority of patients died before the research was carried out.
A total of 16 paired frozen tumor and adjacent nontumor tissues were screened for miRNA profiling. Tissue samples were collected and stored in the Molecular Pathology Shared Resource of the Herbert Irving Comprehensive Cancer Center. Tumor samples were microdissected to ensure > 80% purity of tumor. Tumor stage was determined according to the American Joint Committee on Cancer criteria.
[31]
To insure adjacent non-tumor tissue did not contain any tumor cells, tissue sections were cut from frozen tissues, and hematoxylin and eosin stained. The stained sections were carefully observed under a microscope by the study pathologist (HR) to ensure no tumor tissues or cells were present in the whole sections. Frozen tissue blocks of adjacent tissue were also evaluated with respect to the presence (BattsLudwig stage of 4) or absence of cirrhosis (BattsLudwig stage < 4).
The demographic and clinic pathological data were collected from medical and pathological records including age, gender, ethnicity, viral infection (hepatitis B, hepatitis C), α-fetoprotein, tumor size and number, tumor grade, presence of vascular invasion, and capsular infiltration. Hepatitis B virus surface antigen and antibody against hepatitis C virus determined by immunoassay were also obtained [Supplementary Table 1] .
Total RNA, including miRNAs was isolated from 32 tissues by RNeasy Microarray Tissue Mini Kits (Qiagen, Frederick, MA) according to the manufacturer's protocols. TaqMan Low Density Arrays (TLDA, Applied Biosystems, Foster City, CA), covering 733 miRNAs (670 unique human mature miRNAs), were used to quantify genome-wide miRNAs levels using a 7900HT Fast Real-Time PCR System. The same amount (750 ng) of total RNA was used for each array measurement. The means of RNA integrity number and A260/A280 ratio were respectively 5.9 and 2.1. The quantification cycle (Cq) defined as the cycle number when fluorescence passes the detectable threshold was obtained and raw Cq values ≥ 40 were excluded. These data have been deposited in NCBI's Gene Expression Omnibus database (accession number GSE54751).
[29,30]
The first strategy used the endogenous controls recommended by the TLDA array manufacturer as the normalizer. Three (U6 snRNA, RNU44 and RNU48), detected in all tissue samples, were selected as normalizers in order to obtain reliable results. The second strategy used the mean of global miRNAs obtained from miRNAs detectable in all tested samples as the normalizer. There were 157 miRNAs/ncRNAs detected in 100% of HCC tissues [Supplementary Table 2] ; means of all miRNAs were separately calculated for each sample and then used as the normalizer. The third strategy evaluated the stabilities of those 100% detectable miRNAs/ncRNAs by statistical algorithms. The most stable 2 miRNAs were selected as normalizers.
Two statistical algorithms (geNorm [32] and NormFinder [33] ) were used to estimate the stabilities of the miRNAs profiles. The algorithm of geNorm is to calculate the average pairwise variation (V) for each miRNA with all others across the samples, and estimate a stability score (M) defined as the average V of a miRNA with all others. The less stable miRNA with the highest M is gradually removed until the 2 most stable normalizers are obtained. The algorithm of NormFinder is to calculate the inter-and intra-group variances of the log-transformed miRNAs expression data, and integrate it into a stability value to represent the systematic error of each miRNA. A lower value of systematic error indicates a more stable miRNA, and the combination of the most stable miRNAs is selected as the normalizer. Different types of normalizers (array recommended ncRNAs, mean of global miRNAs and the most stable miRNAs combination) were separately used to generate miRNA expression profiles from HCC tissue samples for future statistical data analysis.
Before performing any statistical analysis, the genomewide miRNA profiles were checked to ensure the reliability and abundance of miRNAs. If the missing data (Cq ≥ 40) for any miRNA exceeded 50% of samples, this miRNA was excluded from further data analyses. Paired t-test was used to identify miRNAs that were significantly different by the univariate test (P < 0.001) with at least a 2-fold expression change between paired HCC tumor/non-tumor tissues or HCC cases and matched controls. Volcano plots were generated to describe the distribution of significant miRNAs with over 2-fold changes. Hierarchical clustering and heat maps were produced with average linkage and Pearson correlations to examine the classification of samples based on significant miRNAs. All statistical analyses were performed using BRBArrayTools (version 4.4) developed by Dr. Richard Simon and the BRB-ArrayTools Development Team (http://linus.nci.nih.gov/BRB-ArrayTools.html) [34] and Statistical Analysis System 9.0 (SAS Institute). The panels of significant miRNAs identified by different normalizers were compared using a web-based InteractiVenn tool (http://www.interactivenn.net/) [35] to determine the consistent and discrepant miRNAs.
RESULTS

The stabilities of global miRNAs/ncRNAs
Using geNorm and NormFinder tools, we separately examined the stabilities of global miRNA profiles in HCC tissues. Among 157 miRNAs/ncRNAs tested in HCC tissues, the combination of miR-30c/miR30b had the smallest M score of 0.024 by geNorm [ Supplementary Figure 1] , and miR-30c/miR-126 together had the lowest systematic error (stability value) of 0.133 by NormFinder [Supplementary Table 3] , suggesting their good stabilities for normalization. If we included the means of global miRNAs in the stability analyses, the M score and stability value for miR-30c/mean of miRNAs combination were, respectively 0.022 and 0.088, lower than the combination of miR-30c with miR-30b or miR-126 [Supplementary Table 3 ]. This suggests that the mean of global miRNAs may be a good normalizer due to its high stability among samples. The stabilities of the manufacturer-recommended normalizer ncRNAs (U6 snRNA, RNU44 and RNU48) ranked much lower in the 17th to 140th range out of a total 157 candidates, indicating their poor stability in HCC tissue.
Aberrant miRNA panels identified by using varied normalizers
After excluding non-abundant miRNAs and those with missing data in over 50% of samples, a total of 361 miRNAs were finally analyzed. Using 3 endogenous controls (U6 snRNA, RNU44 and RNU48) as the normalizer, we found 46 miRNAs significantly dysregulated (P < 0.001) in HCC tumor tissues with at least 2-fold changes in expression [Supplementary Table 4, Figure 1A ]. Most miRNAs (43) were significantly down-regulated in HCC tumor tissue (from 2 to 10-fold), and only 3 miRNAs were significantly up-regulated with fold changes of 5 to 9.
Using the mean of all miRNAs as a normalizer, a total of 26 miRNAs were significantly different between HCC tumor and non-tumor tissues with over 2-fold changes [ Table 1 , Figure 1B] . The aberrant expression pattern was quite different from that identified by using 3 endogenous controls. More miRNAs (17) were upregulated 2-to 16-fold compared with 9 significantly downregulated miRNAs (2-5 fold) in HCC tumor tissues. The expression levels of endogenous controls (U6 snRNA and RNU44) were increased while RNU48 was reduced in tumor tissue when using the mean of all miRNAs as a normalizer, but no significant difference was obtained (data not shown). The foldchanges between tumor and non-tumor tissues were varied from -1.28 to 4.09 times.
Supplementary Table 5 and Figure 1C display a panel of 17 miRNAs aberrantly expressed in HCC tumor tissue using 2 stable miRNAs (miR-30c and miR30b) identified by the geNorm tool as the normalizer. Six were significantly upregulated 2-to 15-fold; 11 were downregulation 3-to 6-fold in HCC tumor tissue. Similarly, using 2 stable miRNAs (miR-30c and miR-126) identified by the NormFinder tool as the normalizer, we found 20 significantly deregulated miRNAs with over 2-fold changes between HCC tumor and non-tumor tissues [Supplementary Table 6, Figure 1D ]. Half were upregulated 2-to 17-fold, and the others were downregulated 2-to 5-fold in HCC tumor tissue. Thus, the identified miRNA panels varied with the different normalization strategies.
Comparisons of different miRNA panels in classification of HCC status
The hierarchical clustering and heat map showed that a panel of 46 significant miRNAs could well distinguish HCC tumor from non-tumor tissues using 3 endogenous controls as the normalizer [ Figure 2 ]. Only 1 tumor and 1 non-tumor tissue were misclassified. Similarly, the other 3 panels of miRNAs identified using as normalizers the mean of all miRNAs or the 2 most stable miRNAs also well classified HCC tumor from non-tumor tissues with only 1 or 2 misclassifications. The later three panels consisting of 17 to 26 aberrant miRNAs contained many fewer miRNAs than that using 3 endogenous controls as the normalizer, suggesting a more efficient panel of HCC classification.
Consistence of identified miRNAs by different normalizers
Using InteractiVenn to compare different panels of miRNAs dysregulated in HCC, we found that most miRNAs identified using the mean of miRNAs overlapped with those identified when using 2 stable miRNAs as the normalizer [ Supplementary Figure 2A ]. There were, respectively 14 (54%) and 18 (69%) miRNAs consistent with the 26 significant miRNAs identified from the global mean analysis. A total of 14 miRNAs (miR-196b, miR-183, miR-182, miR-10b#, miR-18a, miR-106a, miR-139-5p, miR-144#, miR-214, miR- 486, miR-199a-3p, miR-511, miR-424 and miR125b) were consistently dysregulated by using the mean of miRNAs or 2 stable miRNAs as normalizers [ Figure 3A ], suggesting a high consistency for these normalization strategies. Using the mean of miRNAs as the normalizer, we found 8 additional dysregulated miRNAs (miR-221, miR-222, miR-324-5p, miR-550, miR-362, miR-148b, miR-93# and miR-598) in HCC tissue that were not significant when using 2 stable miRNAs as the normalizer [Supplementary Table 7] . Seven dysregulated miRNAs (miR-183, miR-1180, miR-18a, miR-130b#, miR-339-3p, miR-21 and miR106a) were identified in HCC tumor tissues using either the mean of global miRNAs or miR-30c/miR-126 (selected as the most stable miRNAs by using NormFinder tool) as normalizers, including functionally important oncogenic miR-21, miR-18a, miR-106a and miR-183 [Supplementary Figure 3A] . Using either the mean of global miRNAs or miR-30c/miR-30b (selected as the most stable miRNAs by using geNorm tool) as normalizers, the same oncogenic miR-183, miR-18a and miR-106a were identified [Supplementary Figure  3B ]. These miRNAs would not have been identified if using 3 endogenous ncRNAs as the normalizer. These data suggest that the combination of using the mean of miRNAs and 2 stable miRNAs identified by NormFinder as normalizers may be a good option to pinpoint biologically important miRNA. Comparing these miRNA panels with that identified by using 3 endogenous controls as the normalizer, less than one third (12) (13) (14) out of a total 46 miRNAs overlapped [Supplementary Figure 2B] . A total of 11 miRNAs (miR-196b, miR-182, miR-10b#, miR-139-5p, miR-144#, miR-214, miR-486, miR-199a-3p, miR-511, miR-424 and miR-125b) were consistently identified by all normalization strategies [ Figure 3B , Supplementary  Table 8 ], suggesting the importance of these miRNAs. Thirty-one miRNAs were only downregulated in HCC when using 3 ncRNAs (U6 snRNA, RNU44 and RNU48) as the normalizer, which may be due to the fact that the expression levels of the 3 ncRNAs were significantly enhanced in HCC tumor (data not shown). The mean Cq of ncRNAs in HCC tumor was significantly higher than in non-tumor tissues (22.2 vs. 23.0, P = 4.77E-07). Therefore, using the unstable and upregulated ncRNAs as the normalizer, we may falsely identify miRNAs downregulated in target tissue. In contrast, using the more stable global mean of miRNAs as the normalizer, an additional 7 miRNAs (miR-221, miR-222, miR-324-5p, miR-550, miR-362, miR-148b, miR-93#), including 2 novel (miR-324-5p, miR-550) were identified as significantly upregulated in HCC tumor tissues, which would not have been identified when using 3 endogenous controls as the normalizer [Supplementary Table 8 ].
DISCUSSION
Our study for the first time, demonstrated that using different normalizers identifies diverse aberrant miRNA patterns in HCC tumors [ Figures 1 and 2] , and a combination of global mean and the top stable miRNAs as normalizer might be an optimal strategy to identify biologically meaningful miRNAs [ Table 1 and Figure 3 ]. We derive this conclusion based on the assumption that overall miRNA expression levels are invariable because all up-and down-regulated miRNAs are similarly distributed [15, 26] and only a small proportion of specific miRNAs significantly vary across samples due to different biological conditions, [23, 36] such as hepatocarcinogenesis. Therefore, selection of the most stable candidate as the normalizer is the key principle to adjust for variations from sample and technical differences during miRNA measurements. We found that both global mean and 2 sets of miRNAs as normalizers in the current study ranked high in terms of stability, while the endogenous controls recommended by the manufacturer were not stable and usually upregulated in HCC tumors [ Supplementary Figure 1] . If using the endogenous controls as normalizer, we would obtain more miRNAs that were significantly down-regulated in HCC tumor tissue, but many of them might be false positive findings due to using an inappropriate normalizer to adjust miRNA expression [ Figures 1-3] . In contrast, using the global mean of miRNAs and miR-30c/miR-126 as normalizers, several functionally important oncogenic miRNAs (miR-21, Mean of miRNAs (26) NormFinder (20) geNorm (17) geNorm (17) NormFinder (20) 3 endogenous (46) 222 [46, 48, 49] , miR-362 [50, 51] ) and two miRNAs (miR-324-5p and miR-550) first identified in HCC tumor tissue were significantly over-expressed by using miRNA global mean as the normalizer [Supplementary Table  7] . These miRNAs would not have been discovered using the 3 endogenous controls as normalizer. Our results were strongly supported by the evidence obtained from previous studies that using global expression mean as normalizer significantly reduces technical variation (standard deviations) across samples and faithfully represents the input amount of total RNA. [23, 52] More importantly, this approach also showed maximum separation for biologically different samples and significantly reduces false positive findings of down-regulated miRNAs. [23, 52] It suggests that the combination of global mean and the top stable miRNAs as the normalizer may be a good option to identify biologically important miRNA in hepatocarcinogenesis.
Although using this strategy may raise concern that measuring global miRNA profiles for all participants in a large epidemiological study is not feasible, we strongly recommended running at least a subset of representative samples or samples mixed from all subjects to select the most stable candidates among detectable miRNAs for normalization. This additional step is necessary to ensure a proper normalization strategy for miRNA quantification and comparison. Mestdagh et al. [23] proposed a similar strategy that first obtained miRNA expression levels by using global mean of miRNAs as normalizer, and then identified We simplified the procedure by directly evaluating the stabilities of fully detectable miRNAs using unadjusted raw Cq value to exclude this potential impact of extreme data. Most aberrant miRNAs (54-69%) identified by using global mean and 2 stable miRNAs as normalizers overlapped [ Supplementary Figure 2A] in the current study, which is consistent with a previous study that showed over 65% of miRNAs displaying significant correlation coefficients of above 0.9 using global mean and stable miRNAs as normalizers.
[23] Therefore, this normalization strategy outperforms other available approaches and is also straightforward to be performed in future large epidemiological studies.
Three miRNAs (miR-30c, miR-30b and miR-126) were identified as normalizers in the current study, indicating their expression levels remained stable in liver tissue regardless of HCC status. In contrast, several previous studies found significant dysregulation of miR30c, [21, 53] miR-30b [21] and miR-126 [54, 55] in HCC tumor tissue and blood samples, suggesting their potential etiologic or diagnostic roles. However, none of those previous studies used global mean of miRNAs as the normalizer and did not evaluate miRNAs expression stabilities that might lead to false positive findings. Several studies also identified these 3 miRNAs as dysregulated in other types of human cancers.
[ [56] [57] [58] Because miRNAs have a characteristic of tissue type specificity, [24] the expression stabilities of miR-30c, miR-30b and miR-126 should be separately validated in relevant tissues before drawing conclusions on their role in carcinogenesis.
Overall, the optimal normalization strategy described here can help identify the most concordant miRNA panel differentiating HCC tumor from non-tumor tissues that are feasible to be used for future validation in large epidemiological studies. This strategy can also prevent potential false positive findings, largely down-regulated miRNAs. Of course, this strategy may improve the identification of novel miRNAs. Two novel miRNAs (miR-324-5p and miR-550) were identified as significantly over-expressed in HCC tumor tissue using the optimal normalization strategy. However, the weaknesses of current study need to be recognized, such as a small sample size, no data for different arrays and lack of validation for identified miRNAs in larger and independent patients. In summary, normalization methods impact on miRNAs that are differentially expressed in tumors; often many studies do not consider how normalization methods impact their findings. We first ascertained two sets of stable miRNAs in liver tissue that are independent of HCC status, and emphasize the importance of using a proper normalization strategy to identify aberrant miRNAs associated with HCC. In combination with the global mean of miRNA profiles as the normalizer, we finally identified a panel of miRNAs dysregulated in HCC, and were able to exclude potential false positive findings in hepatocarcinogenesis. Our results need to be further validated in other independent studies to ensure distinguishing of biologically meaningful miRNAs in HCC. Studies using different approaches (TLDA, miScript, miRCURY, etc.) but the same set of stable miRNAs to validate our findings are also warranted to strengthen the significance.
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